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1
VARIABLE RELUCTANCE RESOLVER

BACKGROUND OF THE INVENTION
1. Field of the Invention

The claimed subject matter relates to a resolver apparatus,
and more particularly, to a novel variable reluctance (VR)
resolver apparatus, to obtain the precise rotated angle of
circularly moving objects.

2. Description of Related Art

In many position-sensing applications, the position detec-
tion of a target sensing element is typically based on
two-phase orthogonal signals, sine and cosine, that are
sensed by sensors. The rotated angle (0) of the target sensing
element is calculated by taking the arctangent between the
sensed sine and cosine signals.

VR resolvers, together with wound-rotor (WR) resolvers,
have been widely used in motion control industries due to
their robust position-sensing capabilities in harsh environ-
ments. Resolvers are composed of a stator and a rotor, which
typically produce the sensed sine and cosine signals. VR
resolvers have a simple architecture, as all coils are wound
only on the stator, while WR resolvers have a more complex
architecture, with coils wound on both the stator and the
rotor, resulting in superior performance.

VR resolvers are more economical and robust in harsh
environments than WR resolvers; however, the theoretical
framework underpinning their design principles has yet been
fully established. Achieving a 1x speed VR resolver—where
one full mechanical rotation of the rotor generates a single
cycle of electrical signals due to the rotor having a single
lobe—has been challenging without a unified theoretical
design principle. Most VR resolvers used in the industry are
even-numbered in speed and rely on ad-hoc or heuristic
design approaches, resulting in sub-optimal performance;
hence, they are primarily used in low-resolution applica-
tions.

The design of accurate 1x speed VR resolvers has gen-
erally required increased complexity. U.S. Pat. No. 6,958,
602B2 discloses a method that employs two rotors—one
with two lobes (2x speed) and the other with three lobes (3%
speed)—on the same rotating axis, from which 1x speed
signals are generated.

In EP1,473,548B1, a 4x speed rotor is redundantly
employed alongside a 1x speed rotor to compensate for the
inaccuracies of the 1x speed VR resolver.

U.S. Pat. No. 6,020,737 discloses an interacting VR
resolver that features a ring of soft magnetic material inter-
posed between the north and south magnetic pole structures
on the rotor. An adjustable compensation coil structure
within the stator housing interacts with the rotor’s flux
pattern to obtain more precise angular readings.

X. Ge, etal. (“A Novel Variable Reluctance Resolver with
Nonoverlapping Tooth-Coil Windings,” IEEE Trans. Energy
Conversion, vol. 30, no. 2, June 2015) present a 1x VR
resolver with improved coil-windings. While the paper
attempts to enhance the coil-winding configuration, the
position-sensing accuracy remains limited, with an error of
approximately 0.6 degrees.

In U.S. Pat. No. 11,221,237B2 by the present inventor, it
is disclosed that sequentially phase-delayed displacement
signals from Hall sensors over one electrical period can be
represented by a system of linear equations with two
unknown variables: the two-phase orthogonal signals of sine
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and cosine. These two-phase orthogonal signals can be
mathematically calculated by solving the system of linear
equations, a method referred to as a “zero-force (ZF) trans-
form.” The ZF transform is fundamentally a linear transver-
sal filtering that utilizes filter coefficients, referred to as
“synthesis coeflicients.” These synthesis coefficients com-
prise sine synthesis coefficients and cosine synthesis coef-
ficients, which are used to synthesize the sine and cosine
signals, respectively. The theory of multi-phase sensed sig-
nal processing and its application to Hall sensors is pub-
lished in “Multiphase Sensor Signal Processing,” IEEE
Sens. Lett., vol. 6, no. 2, June 2022, Art. No. 2500504, by
the present inventor.

As an application of multi-phase signal processing to VR
resolvers, a multi-phase VR resolver architecture is dis-
closed in U.S. Pat. No. 11,143,525B1. The multi-phase
resolver can be functionally and physically divided into two
parts: a multi-phase resolver body and a multi-phase signal
processing circuitry, which performs the ZF transform func-
tion. The topology of the multi-phase VR resolver body
facilitates the straightforward realization of a 1x VR
resolver.

Building on specific topologies of the multi-phase VR
resolver body disclosed in U.S. Pat. No. 11,143,525B1, the
present invention reveals that the multi-phase signal pro-
cessing circuitry can be integrated into the coil-windings of
the multi-phase VR resolver body. By eliminating the need
for the ZF transform function, a 1x VR resolver is achieved
without increasing complexity.

The concept of integrating the ZF transform function into
the multi-phase VR resolver body leads to a generalized
design principle for a novel VR resolver that supports any
speed, whether even-numbered or odd-numbered. The out-
put signals of this new type of resolver are compatible with
those of conventional VR resolvers. This novel resolver is
thus named a “ZF VR resolver,” reflecting the method of
coil-winding on the coil-poles following the ZF transform.

SUMMARY OF THE INVENTION

The present invention has been made in view of the
aforementioned background, and discloses a novel VR
resolver designed for any even-numbered or odd-numbered
speed.

In one general aspect, the invention provides an N-phase
VR resolver apparatus including a stator and a rotor, where
N is an odd integer greater than or equal to three. The stator
includes N coil-poles positioned at equal intervals around
the inside of the stator body, referred to as odd coil-poles.
Additional N coil-poles are positioned inside the stator body,
paired with the N odd coil-poles. Each of these additional N
coil-poles is symmetrically located at 180 degrees relative to
its corresponding odd coil-pole and is referred to as an even
coil-pole.

At each of the N odd and N even coil-poles, three types
of coils are wound: a primary coil, a sine signal sensing coil,
and a cosine signal sensing coil. All the primary coils are
wound with the same number of turns, but their winding
polarities alternate between the odd and even coil-poles.

The number of turns and winding polarities for the sine
and cosine signal sensing coils are determined by sine
synthesis coefficients and cosine synthesis coefficients of a
N-phase ZF transform, respectively. Specifically, the coil
turns ratios of the sine signal sensing and cosine signal
sensing coils relative to the primary coil at a pair of odd and
even coil-poles at position n (1=n=N) are determined by the
absolute values of the corresponding sine synthesis and
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cosine synthesis coefficients at position n (1=n=N) of the
N-phase ZF transform, respectively. The winding polarities
of the sine signal sensing and cosine signal sensing coils at
a pair of odd and even coil-poles at position n (1=n=N) are
determined by the signs of corresponding sine synthesis and
cosine synthesis coefficients at position n (1=n=N) of the
N-phase ZF transform, respectively.

The rotor comprises a lobe that defines a specific electri-
cal period on the stator for each mechanical turn of the rotor.

An odd-numbered speed N-phase VR resolver may be
configured. The resolver includes a stator where the coil-
winding polarities of the sine signal sensing coils (or the
cosine signal sensing coils) on a pair of odd and even
coil-poles are identical. The rotor comprises a lobe that
defines an odd-numbered electrical period on the stator for
each mechanical turn of the rotor.

An even-numbered speed N-phase VR resolver may be
configured. The resolver includes a stator where the coil-
winding polarities of the sine signal sensing coils (or the
cosine signal sensing coils) on a pair of odd and even
coil-poles are opposite. The rotor comprises a lobe that
defines an even-numbered electrical period on the stator for
each mechanical turn of the rotor.

One or more of the above-disclosed embodiments in
addition to certain alternatives are provided in further detail
below with reference to the attached figures. The claimed
subject matter is not, however, limited to any particular
embodiment disclosed.

BRIEF DESCRIPTION OF THE DRAWINGS

Embodiments of the claimed subject matter are under-
stood by referring to the figures in the attached drawings, as
provided below.

FIG. 1 shows a block diagram of a conventional 10
coil-pole VR resolver, wherein a 4x speed rotor with four
lobes is installed.

FIG. 2 shows a block diagram of a conventional single
coil-wound 5-phase VR resolver, wherein a 1x speed rotor
with a single lobe is installed.

FIG. 3 shows a block diagram of a conventional balance-
wired and double-wound 5-phase VR resolver, wherein a 1x
speed rotor with a single lobe is installed.

FIG. 4 graphically illustrates the number of coil turns and
winding polarities of the primary and secondary sensing
coils at each coil-pole for the conventional balanced-wired
and double-wound 5-phase VR resolver.

FIG. 5 illustrates a 1x speed 5-phase ZF VR resolver
according to the present invention, wherein a 1x speed rotor
with a single lobe is installed.

FIG. 6 graphically illustrates the number of coil turns and
winding polarities of the primary, sine signal sensing, and
cosine signal sensing coils at each coil-pole for the 1x speed
5-phase ZF VR resolver according to the present invention.

FIG. 7 illustrates a 4x speed 5-phase ZF VR resolver
according to the present invention, wherein a 4x speed rotor
with four lobes is installed.

FIG. 8 graphically illustrates the number of coil turns and
winding polarities of the primary, sine signal sensing, and
cosine signal sensing coils at each coil-pole for the 4x speed
5-phase ZF VR resolver according to the present invention.

Features, elements, and aspects that are referenced by the
same numerals in different figures represent the same,
equivalent, or similar features, elements, or aspects, in
accordance with one or more embodiments.
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DETAILED DESCRIPTION OF THE
INVENTION

In the following, numerous specific details are set forth to
provide a thorough description of various embodiments of
the claimed subject matter. Certain embodiments may be
practiced without these specific details or with some varia-
tions in detail. In some instances, certain features are
described in less detail so as not to obscure other aspects of
the disclosed embodiments. The level of detail associated
with each of the elements or features should not be construed
to qualify the novelty or importance of one feature over the
others.

Most commercially used VR resolvers feature multiple
excitation coils along with multiple sine and cosine sensing
coils. These resolvers generate the two-phase orthogonal
signals that are amplitude modulated (AM) by an excitation
carrier signal. Generally, multiple even-numbered coil-poles
with varying numbers of coil turns and polarities are con-
figured in the VR resolvers to maintain magnetic flux
balance.

FIG. 1 shows a block diagram of a conventional 10-coil-
pole VR resolver typically used in motion control industries.
In this resolver, three types of coils—excitation coil (pri-
mary coil), sine signal sensing coil, and cosine signal
sensing coil—are wound overlappingly on each coil-pole.
The number of coil turns varies from coil-pole to coil-pole,
depends on the type of signal and has a varying winding
polarity. The carrier AM sine and cosine signals sensed
directly by the sensing coils on the 10 coil-poles are further
processed by a resolver signal processor to produce carrier-
removed two-phase orthogonal signals.

In FIG. 2, as an example of a multi-phase VR resolver, a
block diagram of a 5-phase VR resolver is illustrated accord-
ing to U.S. Pat. No. 11,143,525B1, where a single coil is
wound on each coil-pole for both excitation and sensing, and
all coils have the same number of turns with identical
winding polarity. In this design, five carrier AM and sequen-
tially phase-delayed sinusoidal displacement signals are
sensed from the coils on five coil-poles as the rotor rotates.
This type of multi-phase VR resolver is called a “single-coil
wound multi-phase VR resolver.” The simple topology of
the single-coil wound multi-phase VR resolver body facili-
tates the realization of a 1x VR resolver.

In the single-coil wound VR resolver, amplitude under-
modulation by the excitation carrier signal is allowed. In the
sensed sinusoidal signals on coils (L, L,, L;, L,, L),
unmodulated carrier signal components may be present.
However, these components are removed in the subsequent
multi-phase signal processing circuitry (ZF transform func-
tion) by differential signal processing.

Referring to FIG. 9B in U.S. Pat. No. 11,143,525B1, an
architecture of a balance-wired 5-phase VR resolver body is
depicted, where each coil-pole in the single-coil wound
5-phase VR resolver body is subdivided into two coil-poles:
odd and even coil-poles. Physically, subdivided odd and
even coil-poles are positioned symmetrically with 180°
mechanical angle offsets and are connected serially. The
balance-wired multi-phase VR resolver has the same elec-
trical characteristic as the single-coil wound version, how-
ever, it offers superior performance due to improved flux
balances.

Additionally, FIG. 9D in the U.S. Pat. No. 11,143,525B1
discloses a double-wound coil-winding schematic diagram.
In this configuration, each coil (excitation and sensing) in
the single-coil wound multi-phase VR resolver is separated
into an excitation (primary) coil and a secondary sensing
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coil. This arrangement achieves galvanic isolation by com-
pletely isolating the electrical paths of the primary coils
from those of the secondary coils. The flux balance is
maintained independently within all primary coils and all
secondary sensing coils.

The single-coil wound 5-phase VR resolver body shown
in FIG. 2 is configured to its balanced-wired and double-
wound version as illustrated in FIG. 3. The five coil-poles in
FIG. 2 are increased to 10 coil-poles due to the balanced
wiring, as each coil-pole has a corresponding opposite
coil-pole. The five coil-poles (L,, L,, L;, L,, Ls) are
subdivided into odd and even coil-poles with a 180°
mechanical angle offset. The coil-poles originally shown in
FIG. 2 are labeled odd coil-poles (L, . L, 5. L3 o, Ly o
L. ) and the coil-poles positioned opposite them are
labeled even coil-poles (L; g L, & Ls £ Ly £ Ls g

Additionally, because they are double-wound, each coil-
pole features both a primary coil and a secondary sensing
coil wound around it. The primary coils and secondary coils
are labeled with the subscripts “P” and “S,” respectively.

In FIG. 3, the primary coils at symmetrically located
coil-poles are wired in opposite polarities. For example, the
primary coil (L,p ,) at coil-pole #1_O is wired in the
clockwise (CW) direction, while the primary coil (L, z) at
coil-pole #1_E is wired in the counterclockwise (CCW)
direction, or vice versa. When all the primary coils are
wound with the same number of turns and their polarities are
opposite between the odd and even coil-poles, the flux
directions of the coils on the odd coil-poles are opposite to
those on the even coil-poles. In FIG. 3, the flux direction of
each coil is indicated by an arrow. For instance, the flux
direction (@, ,,) induced on the L, , coil is opposite to
that (@, ») induced on the L, , . coil.

Next to the primary coil, a sensing coil (L) is wound on
each of the coil-poles. All sensing coils are wound with the
same number of turns at an identical polarity. The number of
coil turns and winding polarity for each primary and sensing
coil at each coil-pole are graphically drawn in FIG. 4.

When a carrier signal with angular frequency ® is applied
to the primary coils and the rotor is positioned at angle 6, the
induced signal voltages V4 ,and V, . on the sensing coils
Lis o and L;s  can be expressed as follows, respectively:

Ny . . EQ. M)
Vis o =Kis o v (1 + mys o *sin(@)) = sin(wt)
P

Ns . . EQ. @)
Vis g =Kis g A # (=1 +mg g *sin(®) «sin(wn))
P

In the above equations, K,s , and K, . are transfer
functions determined by the magnetic circuit on L, ,, and
L,  respectively. N, and N represent the number of coil
turns for the primary and secondary sensing coils, respec-
tively. Displacement modulation indices m,g , and m;g g
are determined by the airgap of the rotor lobe. The carrier
phases of the induced signals Vs , and V5  are 180° out
of phase. N -

Let K5 o=K,s =K,s. then the sum V, of V,5 , and
V,s pbecomes, -

Ny . ) EQ. &
Vis=Vis o+ Vis g =2%Kig* A % Mg * Sin(f) = sin(w?)
P

In EQ. (3). m;¢=m,g ,+m,s . is applied, which implies
m, ¢ is the sum of displacement modulation indices at posi-
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6

tions L, s o and L, - on a contour of the single rotor lobe.
The summed induced signal V, ¢ in EQ. (3) has no unmodu-
lated carrier signal components because the flux directions
between the odd and even primary coils are opposite. The
sensed sinusoidal signals induced at mechanically 180°
symmetrical coil-poles are each modulated by a carrier with
opposite polarity. The symmetrically arranged carrier is then
canceled out.

The above explanation regarding V¢ equally applies to
the sinusoidal displacement signals V,¢, V5q. V., and Vg,
sensed on the respective pairs of coils, (L,g o, Log £),
(Lzs_o» Las_gh (Las_os Lus_p), and (Lsg_o. Liss_p), respec-
tively.

As shown in FIG. 3, the sensed displacement signals (V g,
Vs Vi, Vas, Vi) are ZF transformed and processed by the
resolver signal processor to produce the two-phase orthogo-
nal signals of sin(O) and cos(O). As mentioned earlier, the
ZF transform is linear combination of the sensed sinusoidal
signals, utilizing synthesis coefficients as linear combination
coefficients.

Let the sine signal synthesis and cosine signal synthesis
coefficients be (a,, a,, a5, a4, a5) and (b,, b,, bs, by, bs),
respectively, then voltages Vo and Vo of the sin(6)
and cos(0) signals can be written as follows:

Viiney=(a1 ¥V 9)Hax *Vas)Has *Vas)Has * Vi)t
(as*Vss)

Veosy=1 *Vi5)Hb,* Vos)ht(bs *Va )b, * Vi) +
(bs*Vss) EQ. (6)
The resultant synthesis coefficients for the 5-phase con-
figuration are detailed in the U.S. Pat. No. 11,143,525B1 as
follows:

(a1, 03, 04,05)=(0.4,0.1236,-0.3236,-0.3236,0.1236)

(By,boybs, by, b5)=(0.0,-0.3804,—0.2352,0.2352,0.3804) EQ. ()

When EQ. (6) is substituted with the actual coefficients in
EQ. (7), it becomes,

Viiney =045V 40.1236%V, -0 3236+ Vo
0.3236+V,5,0.1236+ V.

Veosey=0-0%V, 5=0.3804%V,5—0.2352%V; o+

0.2352+V,,5,0.3804% Vg EQ. (8)

The rotational angle (0) of the rotor is calculated by taking
the arc tangent of the ratio between Vo, and V_, ¢, in EQ.
(8) after the resolver signal processing.

In summary, in the balance-wired and double-wound
multi-phase VR resolver, the secondary sensing coils have
the same number of winding turns, and the sensed carrier
AM sinusoidal signals have no unmodulated carrier signal
components due to the opposite coil-winding polarities of
the primary coils at the odd and even coil-pole positions.
However, the ZF transform circuitry remains necessary to
convert the sensed sinusoidal signals into the two-phase
orthogonal signals.

Ongoing research has demonstrated that the ZF transform
function can be integrated into the coil-windings of the
balance-wired and double-wound VR resolver body by
adding a cosine signal sensing coil at each coil-pole. In other
words, the coil-winding configuration—encompassing the
number of turns and winding polarities—can be designed to
incorporate the ZF transform function, thus eliminating the
need for separate multi-phase signal processing circuitry.

This new type of resolver is referred to as the “ZF VR
resolver” as the number of coil-winding turns and the
winding polarities of the sine and cosine signal sensing coils
are determined by the sine synthesis coefficients and cosine
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synthesis coefficients of the ZF transform, respectively. To
explain the design principle of the ZF VR resolver, it is
necessary to separately address the odd-numbered speed and
even-numbered speed configurations. The following discus-
sion details the design principle of the ZF VR resolver
specifically for the 5-phase configuration, where the coil-
windings on the coil-poles are determined by EQ. (8).

The Odd-Numbered Speed ZF VR Resolver

When an additional cosine signal sensing coil is added to
each coil-pole of the balance-wired and double-wound
5-phase VR resolver, three types of coils are wound at each
coil-pole: the primary coil, the sine signal sensing coil, and
the cosine signal sensing coil, as illustrated in FIG. 5. This
figure also shows the 1x speed rotor with a single lobe.

A closer examination of FIG. 5 and EQ. (8) reveals that
the coefficient at each coil-pole position in EQ. (8) repre-
sents a weight applied to the signal sensed at that position.
A positive (+) sign in the coefficient indicates addition, while
a negative (-) sign indicates subtraction.

Thus, absolute values of the coefficients can be replaced
by the number of coil turns on the corresponding coil-poles,
with positive (+) and negative (-) signs indicating the
winding polarities. The windings of the sine signal sensing
and cosine signal sensing coils follow the sine synthesis and
cosine synthesis coefficients, respectively. That is, the mag-
nitude of each coefficient in EQ. (8) determines the coil turn
ratio of the sine (or cosine) sensing coil to the primary coil,
while the sign of the coeflicient determines the winding
polarity of the sine (or cosine) signal sensing coil at the
corresponding coil-pole position.

Let the numbers of coil-winding turns for the sine signal
sensing coils be N, ¢, N, o, N3¢, N, o, Ny for the pair of coils
Lis oo Lis 2): (Los o Las ) (Las 00 Las 2)y (Lus o
L.is #)> (Lss o> Lss ), respectively. The coil turns ratios of
the sine signal sensing coils to the primary coil are: (N, /N,
N,o/Np, N3o/Np, NLo/Np, Noo/N)=(0.4, 0.1236, 0.3236,
0.3236, 0.1236). When the sign of the sine synthesis coef-
ficient is positive or negative, the coil-winding polarity is
clock-wise (CW) or counter clock-wise (CCW). Therefore,
the coils (Lys s Lis g)s (Las o5 Las g)s and (Lsg s Lss z)
are wired in the CW direction, while the coils (Lsg o, Las £)
and (L,s o, L4s z) are wired in the CCW direction.

Likewise, let the number of coil-winding turns for the
cosine signal sensing coils be N, ., N, -, N5, N, N for
the pair of coils (L,c o Lic £): Lac 00 Lac £)s (Lac o
Lic £): (Luc_os Lac_g): (Lsc_or Lsc _g). respectively. The
coil turns ratios of the cosine signal sensing coils to the
primary coil are: (N; /N, N, /Ny, N3 /Ny, N, /Ny, Ny /
Np)=(0.0, 03804, 0.2352, 0.2352, 0.3804). The coils
Lic o» Lue g) and (Lse o, Lse ) are wired in the CW
direction, while (L,- o, Lsc z) and (Lse o, Lic z) are
wired in the CCW direction. - -

The explanation for the 1x speed rotor applies similarly to
any odd-numbered speed rotors. FIG. 6 illustrates the coil-
windings of the 5-phase ZF VR resolver for odd-numbered
speed rotors. The diagram shows the number of coil turns
and the winding polarity of the primary, sine signal sensing,
and cosine signal sensing coils at each coil-pole. The same
number of coil turns is wound for all the primary coils, but
with alternating winding polarities over the coil-poles. The
sine signal and cosine signal sensing coils are wound with
the same polarities between the odd and even coil-poles of
each paired coil-pole, with their coil turn ratios relative to
the primary coil determined by the absolute values of the
corresponding synthesis coefficients.
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In summary, the explanation discloses that the odd-num-
bered speed VR resolvers, including those with 1x speed,
can be realized using the balance-wired and double-wound
N-phase VR resolver body. The coil-winding turns and
polarities for such resolvers are determined by the synthesis
coeflicients of the N-phase ZF transform, where Nis an odd
integer greater than or equal to three.

The Even-Numbered Speed ZF VR Resolver

For the case of an even-numbered speed ZF VR resolver,
consider a 5-phase ZF VR resolver with a 4x speed rotor, as
shown in FIG. 7. The 4x speed rotor produces four electrical
periods per one mechanical turn of the rotor since the rotor
has four lobes.

As previously mentioned, the primary coils at symmetri-
cally located coil-poles are wired in opposite polarities. In
contrast to odd-numbered speed rotors, a pair of coils at
symmetrically located coil-poles senses the same rotational
angle of the rotor due to the even-numbered lobes of the
rotor.

In other words, a pair of sine signal sensing coils (or
cosine signal sensing coils) located at coil-pole #1_O and
#1_E should have the same carrier phase since these two
signals represent equivalent displacement signals. To ensure
they are in phase, the sine signal and cosine signal sensing
coils at symmetrically located coil-poles should be 180° out
of phase with each other as the carrier phases are 180° out
of phase due to the opposite polarity of the primary coils at
the symmetrically located coil-pole positions. The resultant
carrier phases of the sensed signals at the symmetrically
located coil-pole positions are in phase. To achieve this, the
coil-winding polarities should be opposite between sine
signal sensing or cosine signal sensing coils at the sym-
metrically located coil-poles.

FIG. 8 shows the coil-windings of the S5-phase ZF VR
resolver with even-numbered speed rotors. The diagram
shows the number of coil turns and the winding polarity of
the primary, sine signal sensing, and cosine signal sensing
coils at each coil-pole. The same number of coil turns is
wound for all the primary coils with alternating winding
polarities over the coil-poles. The coil turn ratios of the sine
and cosine sensing coils to the primary coil are determined
by the absolute values of the corresponding synthesis coef-
ficients. The sine signal sensing and cosine signal sensing
coils are wound with opposite polarities between the odd
and even coil-poles of each paired coil-pole.

In summary, the explanation discloses that even-num-
bered speed VR resolvers are implemented using a balance-
wired and double-wound N-phase VR resolver body. In this
design, the coil-winding turns and polarities are determined
by the synthesis coefficients of the N-phase ZF transform,
where Nis an odd integer greater than or equal to three.

The claimed subject matter has been described above with
reference to one or more features or embodiments. Those
skilled in the art will recognize, however, that changes and
modifications may be made to these embodiments without
departing from the scope of the claimed subject matter.
These and various other adaptations and combinations of the
embodiments disclosed are within the scope of the claimed
subject matter as defined by the claims and their full scope
of equivalents.

What is claimed is:

1. An N-phase variable reluctance resolver apparatus, N
being an odd integer greater than or equal to three, the
N-phase variable reluctance resolver apparatus comprising:

a stator comprising:
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N number of coil-poles that are positioned at equal
intervals around the inside of the stator and are referred
to as odd coil-poles;

additional N number of coil-poles that are positioned
paired with the N odd coil-poles, wherein each of the
additional N coil-poles is located symmetrically at 180
degrees relative to its corresponding each of the N odd
coil-poles, wherein the additional N number of coil-
poles are referred to as even coil-poles; and

three types of coils including a primary coil, a sine signal
sensing coil, and a cosine signal sensing coil, which are
wound at each of the N odd and N even coil-poles,
wherein all primary coils are wired with the same
number of coil turns, but with alternating winding
polarities between the odd and even coil-poles, wherein
the number of turns and winding polarities for the sine
signal and cosine signal sensing coils are determined by
sine synthesis and cosine synthesis coeflicients of a
N-phase zero-force (ZF) transform, respectively,

wherein coil turns ratios of the sine signal sensing and
cosine signal sensing coils relative to the primary coil
on a pair of odd and even coil-poles at position n
(1=n=N) are determined by absolute values of the
corresponding sine synthesis and cosine synthesis coef-
ficients at position n (1=n=N) of the N-phase ZF
transform, respectively,

wherein coil-winding polarities of the sine signal and the
cosine signal sensing coils on a pair of odd and even
coil-poles at position n (1=n=N) are determined by

10

signs of the corresponding sine synthesis and cosine
synthesis coefficients at position n (1=n=N) of the
N-phase ZF transform, respectively,

a rotor comprising:

5 a lobe defining at least one electrical period on the stator
over one mechanical turn of the rotor.

2. The N-phase variable reluctance resolver apparatus of
claim 1, wherein an odd-numbered speed N-phase variable
reluctance resolver is configured, the odd-numbered speed

10 N-phase variable reluctance resolver comprising:
a stator comprising:
the sine signal sensing and cosine signal sensing coils
that are wound with identical polarities between the
odd and even coil-poles of each paired coil-pole; and

a rotor comprising:

a lobe defining an odd-numbered electrical period on
the stator over one mechanical turn of the rotor.

3. The N-phase variable reluctance resolver apparatus of
claim 1, wherein an even-numbered speed N-phase variable
20 reluctance resolver is configured, the even-numbered speed
N-phase variable reluctance resolver comprising:

a stator comprising:

the sine signal sensing and cosine signal sensing coils
that are wound with opposite polarities between the
odd and even coil-poles of each paired coil-pole; and

a rotor comprising:
a lobe defining an even-numbered electrical period
on the stator over one mechanical turn of the rotor.
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